3 , 4 Since the beam risetime possesses an energy ramp, the possible use of a magnetic lens to sharpen the beam risetime is an attractive alternative due to its compactness and simplicity. In this report we discuss such an approach using a single magnetic lens.
It is a well-known fact that the focal point for relativistic electrons with kinetic energy (T-I)mc 2 is given in the thin lens approxima-ion by 5 Thus, by placing a small aperture near the beam peak focal point, we can let the portion of the beam near peak pass through, while intercepting most of the early portion of the pulse which has spread out before it reaches the aperture. Similarly, the later portion of the pulse fall time will also be intercepted. This creates an electron beam with sharper rise and fall times resulting in a more uniform current profile.
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The above description, while providing a simple scenario for the single particle case, is inadequate since it neglects several important factors.
These factors include lens aberrations due to nonlinearity, beam space charge effects, and beam transverse energy. We shall discuss some of these issues in this report.
The report proceeds as follows. In Section 2 we present a description of the magnetic lens and its magnetic field profile. The theoretical basis for the current pulse shaping technique is discussed in Section 3. Included is the theoretical analysis and scaling laws for the risetime sharpener utilizing a foilless diode geometry. Results of numerical simulations using MAGIC are in good agreement with theory and show the potential for this approach. Diode geometries including an anode foil are also presented. Section 4 describes the experimental setup. The experimental results are presented and discussed in Section 5, while conclusions and recommendations are contained in Section 6.
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MAGNETIC LENS
As can be seen from Equation (1), the focal length for a magnetic lens depends not only on the peak axial magnetic field strength but also on the axial field profile. Therefore, in this section we describe the field profile of the lens to be used in the experiment.
The basic elements of a magnetic lens include a circular current-carrying coil and a yoke enveloping most of the coil surface area except for a small gap centered at the coil midplane and running along the coil inner bore circumference as shown in Figure 1 (a). The yoke is manufactured with materials of very high magnetic permeability (e.g. soft iron) so that most of the magnetic flux is confined within the yoke itself. Without the presence of the gap, there would be very little field outside of the yoke. The presence of the gap allows the field to escape forming an azimuthally symmetric magnetic field which peaks axially at the coil midplane. This configuration is necessary so that the field can be confined to the shorter axial extent necessary to produce a thin lens out of bulky solenoidal coils.
The coil itself is a circular disk of 12 cm width, 12 cm inner bore radius, and 24 cm outer radius. The yoke is composed of high magnetic permeability steel and is 1.8 cm in thickness with a 5 cm gap. The measured axial field profile along the axis of symmetry, z, is shown in Figure 1(b) .
The magnetic field strength can be adjusted experimentally by varying the coil current (supplied by a dc power supply). The present coil can produce a 3-kG peak magnetic field on axis in the absence of the yoke.
The knowledge of the magnetic field profile on the axis of symmetry is Here, the primes denote derivatives with respect to z. We note here that from Equations (1) and (2) it can be seen that particles traversing the lens at different radial distances from the axis of symmetry will have different focal lengths, even with the same kinetic energy. This aberration is a natural consequence of the nonlinearity of the magnetic field profile and it limits the smallest spot size to which a beam can be focused. Further, it also introduces nonlinearity into the particle radial momentum which is irreversible.
We have approximated the field profile on axis, as shown in Figure 1 The presence of the anode foil introduces two issues which complicate the use of a single magnetic lens for current pulse shaping. One is that the foil will increase the beam emittance through scattering. Since the mean-squared scattering angle <82> of a relativistic electron after passing through -2 scattering materials is proportional to z_ , the low-,!nergy portion of the beam pulse will gain substantially more transverse energy relative to the beam peak. This limits the smallest spot size to which the beam peak can be focused.
The second issue is mainly applicable to the high-c~irrent beam case such as considered here. In the proximity of the foil the beam self-radial electric field is shorted out, leaving the self-azimuthal magnetic field which focuses the beam. Since the self-azimuthal magnetic field is proportional to beam current, this field can be on the order of 1 kG at the outer edge of the beam peak resulting in strong focusing prior to magnetic lens focusing. Due to the fact that the beam risetime possesses both current and energy ramps, foil focusing at the anode will, at the very least, complicate the experimental design. This phenomenon has been observed experimentally 8 and has been pruposed as an alternative for high-current electron beam transport. 9
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These two issues may be avoided if the diode is operated in a foilless configuration. We will discuss separately the effectiveness of the magnetic lens in current pulse shaping in both diode configurations.
The general envelopc equation for relativistic electron beam transport after the anode aperture in an axial magnetic field including space charge and emittance effects can be expressed by
Here, K = 2el /4TrEom3 c 3 is the generalized beam perveance, I is the beam current, c = Z(6OR is the beam normalized emittance which is a constant of n motion in the absence of any nonlinear external force, 60 is the beam transverse thermal spread angle and R is the beam radius. Equation (5) assumes the beam energy is constant and the diode is a magnetic field free region. The magnetic field profile is as given by Equation (3) with the distance between the lens center and anode defined as z . Equation (5) can be integrated with C the initial conditions, R(z=O) = a, and R'(z=O) = r', to give
and
Equation (5) or its equivalent, Equation (6), can be evaluated numerically to provide the beam radial envelope and its slope at any axial location z downstream from the anode.
NONMAGNETIZED FOILLESS DIODE
In this section we will investigate the radial phase space properties of an electron beam emerging from a nonmagnetized foilless diode configuration.11
The radial impulse due to an aperture in an otherwise uniform anode plane (see
It is interesting to note that r' is linear in r and is independent of the aperture radius in this limit, providing d > a. Here d is the diode anode-cathode gap spacing and a is the anode aperture radius. In other words, the anode aperturp acts as a negative lens 5 which preserves the beam laminarity. Furthermore, there is a weak dependency of r' on energy resulting from the anode aperture which will advantageously lengthen the spacing between the focal points of the beam rising edge and the beam peak after passing through the magnetic lens. This information determines the beam initial conditions upon entering the lens region. With this knowledge, we can estimate the magnetic field strength required as well as the location for the downstream aperture.
Several observations can be made which greatly simplify the analysis of Equation (5) and allow simple formulae which are useful in estimating experimental and simulation parameters. First, the effect due to the magnetic lens focusing is proportional to B (z), and B(z) peaks strongly at the center of the lens. Thus, by making use of Equation (4) we can reasonably approximate the lens magnetic field axial profile in the paraxial approximation as
Here, z is defined as the distance from the anode. Second, with a beam peak current of several kiloamperes and an operating peak energy of about 2 MeV, space charge effects are negligible in comparison with the slope caused by the anode aperture. Thus, we can safely neglect the effect of space charge except for the region near the focal point where R<<a. Third, in the absence of the anode foil, most of the emittance is expected to come from the cathode surface
roughness. An analytical formula 1 2 for angular spread 60, which was confirmed 
where J is the cathode current density and h is the height of the cathode C whiskers. Taking h to be typically 30 pm fcr a velvet cathode and assuming
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NAVSWC TR 90-26S the diode current to be 7 kA at peak voltage of 2 MeV for a 1 cm cathode radius and 2 cm diode gap spacing, we obtain 60 -5.2x10 -3 radians. Here again the effect due to cathode surface roughness is also expected to be negligible relative to the lensing effect of the anode aperture, i.e., 60 << r'.
0
Making use of these observations, we can readily solve Equation (5) to
where z = z -0.9z , z = z + 0.9z , and the subscripts 1 and 2 denote the beam
properties at these points, respectively. We have also defined k = w oo/2 'vz Thus, the axial location for the focal point can be readily estimated from Equation (12) to be
f 2
2
Of course, the field strength must e: sufficiently strong so that r' < 0 for 2 the lens to be effective. Near this -,cal point, the beam radius does not go to zero but rather to a waist (R'=0). The radius at this point, R, can be eha '
NAVSWC TR 90-268 through a perfect lens, unfortunately does not take into account the nonlinearity that is present in all real lenses; that is, it fails to account for nonlinear terms in Equation (2) . Due to nonlinearity, the outer electrons will feel a slightly stronger bending force. Thus, they approach the symmetry axis at an enhanced rate from that predicted by linear analysis and miss the small waist where space charge and emittance effects are dominant.
Consequently, these particles lose relatively little momentum and are expected to cross the axis of symmetry. In other words, magnetic lens nonlinearity 
NAVSWC TR 90-268
The thermal spread angle due to cathode surface nonuniformity is on the order of 5xlO -3 radians, which is negligible compared to the anode aperture lensing effect. Equation (8) predicts the slope for the outermost electrons after passing through the anode aperture to be 0.18 radian at the peak voltage of 2.2 MV. Due to the weak energy dependence of the slope, a slight reduction of the beam risetime is expected upon passage through the aperture.
This can be observed in Figure 3 (a) which shows the beam current downstream from the anode. We note here that the discontinuities seen in Figure 3 (a) are an artifact of all particle codes in statistically representing a large number of physical particles by a much smaller number of macro-particles.
The peak current of the apertured beam upon entering the magnetic lens cell is about 4.5 kA. The magnetic field profile in this region is as given by
Equations (2) and (3) with z = 18 cm measured downstream from the anode. The C peak magnetic field has been arbitrarily chosen to be 1.7 kG. Using Equation (13), we estimate the focal point for the beam peak to be about 40 cm downstream from the anode. Therefore, we have placed the pulse shaping aperture at this location. In this run, the aperture is 1.8 cm in radius.
The simulated particle trajectory plots at different times in the beam pulse are shown in Figures 2(a) -(c). These plots are equivalent to snap shots at different times of the system. At early times, the beam is strongly focused by the lens due to low energy and is mostly intercepted by the aperture. In fact, if the energy is sufficiently low, all of the axial kinetic energy is converted to rotational and radial energies, and particles are stopped axially and repelled back toward the anode. Since both v and v are proportional to r r, the outermost particles suffer the most axial kinetic energy loss and are therefore more likely to be reflected. This is clearly seen in Figure 2 (a).
Overall, the beam focal point can clearly be seen to approach the aperture as energy increases. In particular, at the beam peak the focal point is near the ape ture, with most particles passing through as can be seen in Figure 2 where, for the thin target case,
Tr mc
The cathode surface roughness also contributes to the beam emittance as previously described analytically by Equation (10) . Application of Equations (10) and (16) together give a reasonable approximation to the emittance of the electron beam emerging from the anode foil as compared with previous emittance measurements with a similar cathode. Equation (15) has been found to be a reasonable approximation to the foil-focusing effect based upon comparison with beam radius data taken with radiachromic films.
Since from the above analysis all the terms of the envelope equation are significant, Equation (5) becomes nonlinear and must be solved numerically.
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From the resulting numerical solution, we can determine the focal point and the beam radius at the waist to allow appropriate placement of the downstream aperture.
To aid in the design of the experi..nt and to test the validity of the technique, numerical simulations of Equation (5) 
EXPERIMENTAL RESULTS AND DISCUSSION
The experiment was conducted using both the 15 pm thick titanium and the 6 pm aluminized mylar anode foils. Experimental results are shown in Figure 6 for both types of foil. Typical diode voltages are on the order of 1.7 MV. The diode current (not shown in Figure 6 ) has a peak value of about 7 kA and follows the diode voltage very closely in pulse shape. Beam current extracted through the anode aperture is more triangular in shape with peak values near 4
kA. The data in Figure 6 shows the results from both foils to have the same trend in variation of pulse shape with peak lens magnetic field with one important difference. The peak current obtained with the titanium foil is much less than that obtained with the aluminized mylar foil. While a maximum of 90 percent of the beam current extracted from the anode is transported through the pulse shaping cell using the aluminized mylar foil, only about 50 percent is effectively transported using the thicker titanium foil at a reduced peak magnetic field. This is likely a result of the combined effect of electron energy loss in the titanium and increased transverse temperature due to Then the radial field in the diode structure can be approximated by The above equation indicates that the radial electric field is sharply peaked at the anode.
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